Introduction viral particles before their entry into target cells may sigAlthough recombinant E1-deleted (E1 − ) adenoviral vecnificantly reduce the level of transgene expression. Furtors initially showed great promise in somatic gene therthermore, antigen processing and presentation by the apy, [1] [2] [3] the application of these vectors has been limited macrophage 18 may play a critical role in the development by their immunogenicity. Several studies have demonof both cytotoxic T-lymphocyte (CTL)-mediated eliminstrated both a cellular immune response mounted against ation of virally transduced cells 6 and humoral immune the adenovirally transduced cells [4] [5] [6] [7] [8] that limits the persistresponses against both the adenoviral vector and the ence of transgene expression and a humoral immune transgene product. Finally, the release of cytokines from response against the vector itself that prevents its efficient macrophages activated by viral uptake may potentiate readministration. 9, 10 Although the roles of various T cell the host immune responses to viral and/or transgene populations in these processes have been examined, 6 antigens. [19] [20] [21] studies on the role of macrophages in the host immune
To assess the role of macrophages in adenovirusresponse after adenovirus administration have been mediated gene transfer, we administered various doses limited. 11 of a recombinant adenoviral vector expressing the serum Macrophages and related cells of the reticulo-endoprotein human ␣ 1 -antitrypsin (hAAT) to macrophagethelial system not only phagocytose or endocytose depleted or sham-treated immunocompetent Balb/c exogenous particulate matter, but also play an important mice. The results of these studies indicate that macroand complex role in immunomodulation. [12] [13] [14] Macrophage depletion can significantly increase the safety, phages are important for the processing, presentation efficacy and persistence of adenovirus-mediated gene and opsonization of antigens that are necessary for the therapy. generation of subsequent cellular and humoral immune responses. 13, 14 Furthermore, activated macrophages produce and release cytokines such as TNF␣, IL-6, IL-12 and [15] [16] [17] that influence subsequent immune and inflammatory reactions. We hypothesized that several
Results

IFN-␦
The effects of macrophage depletion on the efficacy of macrophage functions may have significant conseadenovirus-mediated gene transfer in vivo quences for adenovirus-mediated gene transfer. For
Twelve-to 14-week-old Balb/c mice were pretreated with liposome-encapsulated clodronate (liposome/ clodronate) or liposome-encapsulated PBS (liposome/ ELISA 1 week after infusion. Liposome-mediated macroorgans examined, but these changes were most evident in the liver and lung ( Figure 2 ). Without macrophage phage depletion significantly increased serum hAAT levels in the animals receiving 10 9 p.f.u. of Ad.RSV-hAAT, depletion, virus administration caused a noticeable swelling and yellowish pallor of the liver 8 h after virus but had no significant effect on hAAT levels in animals receiving lower viral doses (Figure 1) . administration ( Figure 2a, central panel) . This discoloration was due to microvesicular steatosis as demonClodronate/liposome pretreatment also exerted a marked effect on animal survival; three out of four strated by staining of frozen sections (results not shown). Although these changes were largely reversed by 24 h clodronate/liposome-pretreated animals survived after systemic infusion of 5 × 10 9 p.f.u. of virus, while all four after infusion in control animals, they were blocked at all time-points by macrophage depletion (Figure 2a , right PBS/liposome-pretreated animals receiving the same dose of virus died by the second or third day after virus panel). Similarly, in the lung, virus administration in the absence of macrophage depletion caused extensive infusion. In the animals that died following this procedure, virus infusion led to the development of anorhemorrhage in the lung (Figure 2b , central panel). Microscopic observations confirmed the presence of increased exia, weakness and ultimately coma. Gross observation of the liver revealed a highly enlarged organ with many amounts of blood throughout the lung tissue. In contrast to the liver, these changes were not completely resolved areas of focal necrosis (data not shown). The levels of hAAT expression seen following the infusion of Ad.RSVby 24 h after virus infusion in control animals, but were completely absent in macrophage-depleted animals hAAT in this study are significantly higher than those observed by Barr and colleagues 22 at a given viral dose ( Figure 2b , right panel). Microscopic analyses performed 24 h after virus infusion confirmed the well docuin the same mouse strain. The exact reason for this discrepancy is unclear, but is likely to be related to differmented 23 ability of liposome-encapsulated clodronate administration to significantly deplete liver and splenic ences in titrating between the two laboratories, as the viral vector construct is identical. The higher levels of macrophages in animals treated with virus ( Figure 3 ) and in untreated control animals (data not shown). transgene expression and greater levels of toxicity are consistent with the infusion of increased amounts of virus in the present study.
The effects of macrophage depletion on the long-term persistence of adenovirus-mediated gene transfer in vivo The effects of macrophage depletion on virus-induced pathology in recipient animals One of our hypotheses was that elimination of macrophages would reduce antigen presentation and cytokine Balb/c mice were pretreated with clodronate/liposome or PBS/liposome and then infused with 10 9 p.f.u. by tail release, leading to an attenuation of the cellular immune response against the virally transduced cells and consevein injection. Two mice from each group were killed at 0, 2, 8 and 24 h after virus infusion and the liver, spleen, lung, kidney and other organs were removed for macroscopic and microscopic analyses. Virus administration in the absence of macrophage depletion was associated with observable changes in the size, color and texture of all quently to an increase in the persistence of transgene expression. To test this hypothesis, animals were pretreated with liposome/clodronate, liposome/PBS or PBS alone followed by tail vein infusion of 10 9 p.f.u. of Ad.RSV-hAAT. This dose of virus was chosen because it gave the highest level of expression without mortality in the control groups. Following virus infusion, hAAT levels were monitored periodically for up to 6 months. As seen in the initial dose-response experiment, clodronate/liposome pretreatment significantly increased the amount of hAAT produced by infusion of 10 9 p.f.u. per animal. At 7 days after infusion, serum hAAT levels were approximately four-fold higher in the experimental group relative to either of the control groups ( Figure 4 ). hAAT levels fell dramatically in the absence of macrophage depletion, decreasing about 30-fold over 1 week and by over 1000-fold by 1 month. In contrast, in the clodronate/liposome-treated animals, hAAT levels decreased only five-fold from peak levels by 2 weeks after treatment, and only 10-fold by 1 month after treatment. Serum hAAT levels in the macrophage-depleted animals continued to decline slowly over the course of From the data presented in Figure 4 , it was not clear whether the gradual decline in hAAT levels observed in the clodronate/liposome-treated animals were caused by of viral DNA was detected in these two tissues at each time-point examined ( Table 2 ). The sensitivity of this a loss of transgene expression or rather reflected an increase in neutralizing antibodies against the hAAT prosemi-quantitative PCR assay yielded a concentration of approximately 5 × 10 11 viral genomes per milliliter of bile tein. Previous studies by our laboratory have shown that Balb/c mice produce a significant humoral immune at 10 min after virus infusion, with a 1-2 log drop in concentration over the next 24 h. This finding suggests that response against this human protein. 24 Because the liver is the major target organ for adenoviral vectors after sysexcretion of adenovirus through the bile may be at least partly responsible for the approximately 2-log decrease temic delivery, 9 semiquantitative PCR was used to measure changes in the amount of DNA present in the liver in viral DNA levels observed in liver during the first 24 h after virus infusion. over time in the clodronate/liposome and PBS/liposome groups. Maximal viral DNA content was observed in the livers of animals from both treatment groups within the
The effects of macrophage depletion on long-term immune responses and liver pathology first 10 min after intravenous infusion (Table 1) . These levels persisted in both treatment groups for up to 3 h, Histological analysis of liver tissue from clodronatetreated animals at 6 weeks after virus infusion showed but then declined by up to 1 log at 8 h and between 1 to 2 logs at 24 h. Within the sensitivity of this semi-quantian increase in the numbers of macrophages relative to PBS-treated control animals (Figure 5b vs a) , despite tative assay, there were no significant differences between the two treatment groups until approximately 2 extremely strong depletion of initial levels by clodronate/liposome pretreatment (Figure 3b ). This weeks after infusion, when DNA levels in the controltreated animals were approximately 10-fold less than in finding confirms previous reports that demonstrate marked stimulation of macrophage repopulation in clodthe clodronate-treated animals. The changes in DNA levels over time in the two groups closely paralleled the ronate-treated animals following antigen stimulation. 25 There were also higher levels of necrosis and inflampreviously observed changes in serum hAAT level. This finding suggests that the differential rate of DNA mation in the livers of clodronate-pretreated animals relative to those observed in control animals ( Figure 5d vs loss was the primary mechanism responsible for the differences in serum hAAT levels. c). These observations suggest that these processes are occurring in response to the more persistent expression of viral and transgene proteins in the clodronateDetection of viral DNA in bile after intravenous pretreated animals. administration of adenovirus The lack of significant differences in the amount of viral
The effects of macrophage depletion on the humoral DNA in the livers of animals in each of the treatment immune response against the vector and the transgene groups suggested that macrophages did not play a major product role in the elimination of virus from the liver during the Although the PCR experiments suggest that a reduced first 24 h after virus infusion. To further determine posshumoral immune response against hAAT is not the major ible causes of the 2-log decrease in viral DNA levels cause of the persistent hAAT expression, it is still possobserved over the first 24 h, we examined the amount of ible that macrophage depletion did exert some effect on viral DNA present in bile during this same time period.
the humoral immune response. This issue was examined Bile was isolated from the gall bladder at 10 min, 1.5 h, by measuring the induction of anti-hAAT and neutraliz-8 h and 24 h after tail vein infusion of 10 9 p.f.u. (1.2 × 10 11 ing anti-adenovirus antibodies 1 and 6 weeks following particles) of Ad.RSV-hAAT. While approximately 100 the intravenous infusion of 10 9 p.f.u. of Ad.RSV-hAAT times more total DNA could be isolated from a given volinto mice pretreated with liposomes encapsulating either ume of liver tissue relative to bile, the same concentration clodronate or PBS. The results of these studies are shown in Table 3 . Macrophage depletion delayed the onset and magnitude of the humoral immune response to hAAT. The levels of anti-hAAT antibodies were undetectable at 1 week after virus infusion in the clodronate/liposome- shown that depletion of macrophages from the liver and the spleen before adenovirus-mediated gene transfer in vivo increases the safety, efficacy and persistence of this procedure in immunocompetent Balb/c mice. It is likely that many of the macrophage functions described above 6 weeks after virus infusion relative to the levels in PBS/liposome-pretreated animals. Surprisingly, these are important in these effects. In our initial dose-response studies in macrophagesame effects were not observed when neutralizing antiadenovirus antibodies were assayed. The levels of neudepleted and control animals, we observed increased transduction efficiencies only at higher viral doses (у10 9 tralizing anti-adenovirus antibodies were unchanged in the two treatment groups 6 weeks after virus infusion. p.f.u.). No significant differences were observed in trans-gene expression following delivery of low viral doses circulating levels of the transgene product by neutralizing antibodies are all mechanisms whereby the efficacy (Ͼ10 9 p.f.u.), despite the fact that histologic studies demonstrated significant macrophage depletion (75-95%) in of somatic gene therapy can be reduced. Each of these processes can be influenced by macrophage function. We liver and spleen 24 h after clodronate treatment. This finding was confirmed by estimating the quantity of viral examined the persistence of recombinant hAAT expression, the persistence of viral DNA in liver, and the DNA in the liver at different time-points after the administration of 10 9 p.f.u. recombinant adenovirus in macrolevel of neutralizing antibodies against adenovirus and hAAT in both control and clodronate-treated animals. phage-depleted and control animals. This latter study indicated a similarly high level in both clodronate-preEach of these parameters was affected in the clodronatetreated animals. Examination of anti-hAAT and antitreated and control groups, with a subsequent 1-2 log decrease in viral DNA levels over the next 24 h. Together, adenovirus antibodies showed a significant reduction in these humoral immune responses in clodronate-treated these studies suggested that accumulation and subsequent degradation of viral DNA in Kupffer cells and animals relative to control animals at 1 week after virus infusion ( Table 2) . By 6 weeks after viral infusion, antisplenic macrophages is not the major route of elimination after systemic infusion of recombinant adenoviral hAAT antibody levels were still significantly reduced in clodronate-treated animals relative to control animals, vectors.
of Ad.RSV-hAAT in PBS-pretreated (a) or clodronate-pretreated (b) Balb/c mice. At this time-point, more necrosis and inflammation remains in the clodronate-pretreated animals than in the PBSpretreated controls, which is consistent with ongoing expression of the transgene product in the clodronate-pretreated animals at this time-point. (c and d) Macrophage content of liver tissue 6 weeks after tail vein infusion of 10 9 p.f.u. of Ad.RSV-hAAT in control-pretreated (c) or clodronate-pretreated (d) Balb/c mice. Macrophages were equally abundant in the livers of both control groups at this time-point. All photomicrographs were made at × 200 magnification.
Discussion
Apart from uptake into macrophages, viral DNA can but the levels of anti-adenoviral antibodies were now the same in the two treatment groups. The reason for these be cleared from the liver by other mechanisms such as degradation in hepatocytes or secretion into bile. This latdifferences in antibody levels against the virus and the transgene product may reflect differences in the effects ter route of clearance has been observed for several forms of hepatitis virus 26, 27 and for small viruses such as of macrophage-produced cytokines on the subsequent immune response against viral antigens and soluble reoviruses that can be readily detected in bile following viremia. 28 The detection of adenoviral DNA in bile colhAAT. Previous studies have shown that the macrophage is the antigen-presenting cell responsible for Th1 actilected at various time-points after the systemic infusion of recombinant adenoviral vector confirmed the secretion vation. 34 Macrophage depletion in Balb/c mice can cause a 95% reduction in liver IL-12 mRNA levels after LPS of adenovirus into bile. Because we could not develop a method to collect all of the bile produced during this time injection relative to non-depleted controls. 33 Such significant changes in IL-12 levels can alter the balance in actiperiod without interfering with the normal flow of bile, we cannot say unequivocally that secretion into bile alone vation of Th1 and Th2 cells, stimulating Th2-mediated responses and inhibiting Th1-mediated responses. At is responsible for the 2-log decrease in viral DNA observed during the first 24 h after virus infusion. Howleast one previous study has shown that viral antigens and transgene products induce production of different ever, assuming the secretion of approximately 1 ml bile per day in the mouse, the concentrations of viral DNA classes of immunoglobulins, activated through different mechanisms by Th1 or Th2 lymphocytes. Antiviral antiobserved at the various time-points indicates that a large portion of the viral particles are being excreted via this bodies were dominated by IgG1, while antitransgene antibodies were dominated by IgG2a antibodies, suggestroute.
In contrast to its effects on the administration of low ing that the antiviral responses were Th2-mediated and the antitransgene responses were Th1-mediated. 34 The viral doses, macrophage depletion exerted significant effects on the level and persistence of transgene differential antibody response also observed in the present study suggests a similar effect for macrophage expression and also on animal survival following the administration of higher, subtoxic viral doses. Regarding depletion, potentiating Th2 responses and inhibiting Th1 responses. the effects of macrophage depletion on animal survival, it is well known that systemic release of cytokines such
The probable effects of macrophage depletion on Th cell differentiation may also account for the increased levas IL-1 or TNF␣ from macrophages can cause death in animals after the administration of different toxic agents, els of transgene expression and viral DNA observed in macrophage-depleted animals relative to non-depleted including adenovirus. [29] [30] [31] [32] Furthermore, at least one recent study has demonstrated that macrophage controls. Many previous studies have documented the role of CTL in the elimination of virally transduced hepadepletion causes a greater than 95% reduction in the levels of IL-1␤, IL-6, IL-10 and IL-12 (p40) mRNA that are tocytes. [4] [5] [6] [7] [8] By inhibiting Th1-mediated responses, macrophage depletion may reduce the effects of CTL following induced in response to intravenous lipopolysaccharide (LPS) infusion. 33 A 50-75% reduction in TNF␣ mRNA adenovirus-mediated gene transfer. Although persistence of transgene expression was increased in macrophagelevels was also observed in LPS-treated animals following macrophage depletion. Thus, the depletion of macrodepleted animals, sustained inflammatory responses were still observed in the livers of these animals at 6 phages before virus infusion may significantly attenuate cytokine release from macrophages and increase the level weeks after viral infusion. This sustained inflammatory response and the continued gradual decrease in hAAT of survival after administration of high viral doses. The observed changes in the appearance of the liver, lung and expression and viral DNA in liver over time suggests that elimination of virally transduced hepatocytes is continuother tissues following the systemic administration of recombinant adenovirus in control and macrophageing, albeit at a low rate, in macrophage-depleted animals for as long as expression of hAAT and presumably viral depleted animals are consistent with this hypothesis.
Immunogenicity of the adenovirus and the transgene antigens persists. The exact effects of macrophage depletion on CTL responses in adenovirus-treated aniproduct are the primary reasons for the short-term transgene expression observed with first generation adenomals remains to be established. . Anti-adenoviral assays were ultimately did not prevent productive immune responses in macrophage-depleted animals. One possible reason for performed as previously described, 9 except the initial dilution of serum was 10-fold rather than two-fold. the continued presence of intact immune responses is the failure of this method of macrophage depletion to prevent repopulation of macrophages, as evidenced from the DNA assays Total DNA was extracted from identical amounts of liver presence of increased levels of macrophages in the liver of clodronate-treated animals 6 weeks after virus tissue or bile of Balb/c mice infused with Ad.RSV-hAAT using a QIAamp Blood and Tissue Kit (Qiagen, Chatsinfusion. It is not yet known whether periodic readministration of this macrophage depletion treatment will preworth, CA, USA). Total DNA was precipitated and resuspended in an identical volume of TEA. Serial dilutions vent this repopulation, resulting in a more complete reduction in macrophage function and a more prolonged of this total DNA ranging from 7 ng to 7 pg (one cell = 7.14 pg of genomic DNA) were then subjected to 35 expression of transgenes delivered by recombinant adenoviral vectors.
cycles of the polymerase chain reaction (PCR) in a semiquantitative PCR assay as previously described. 9 The reaction began by denaturing the template in 40 l of a a volume of 10 l and 35 cycles of amplification are then or phosphate-buffered saline (PBS) were prepared as preperformed, each cycle consisting of 10 s of denaturation viously described. 23 Briefly, 75 mg of phosphatidylchoat 94°C, 30 s of annealing at 56°C, and 30 s of extension line (Sigma Chemical, St Louis, MO, USA) and 11 mg of at 72°C. Two pairs of PCR primers used were in each cholesterol (Sigma) were dissolved in 20 ml of methreaction. Pair 1 (5′-CGCCATTTAACCATTCAC-3′ and 5′-anol:chloroform (1:1) in a 500-ml round bottom flask. The GTGCCAGCTGGCGGTATA-3′) was used to amplify a organic phase was removed by low vacuum rotary evap-247 bp fragment spanning the junction between the RSV oration at 37°C. The lipids were then dissolved in 10 ml promoter and the hAAT cDNA in the viral vector. A of chloroform and the evaporation procedure was second primer pair (5′-GATGAGATCATGCATGAC-3′ repeated. The lipid film remaining on the wall of the flask and 5′-TCACTCCAGACATTGTCC-3′) was used to amplat the end of this procedure was then dispersed in 10 ml ify a 210 bp fragment of genomic DNA as an internal of 6 m clodronate or PBS. After a 2-h incubation at room control for the PCR reaction and to normalize for varitemperature, the liposomes were sonicated for 3 min, ations in the amount of template present in each reaction. washed three times with PBS, and dissolved in 4 ml of The amount of viral DNA present in the liver tissue was PBS. Two hundred microliters of the PBS-or clodronatedetermined by comparison of the intensities of bands containing liposomes were injected into mice via tail vein obtained from amplification of the smallest amount of infusion 24 h before virus infusion. diluted tissue DNA with those obtained from amplification of a serial dilution of viral particles ranging from Vector construction 0 to 10 6 . One microgram of genomic DNA from a mouse The construction of the human ␣ 1 -antitrypsin (hAAT)-infused with buffer only served as a negative control. expressing recombinant viral vector used in these experiments has been described elsewhere. 35 All recombinant Histological and immunohistochemical analyses viral vectors were purified by two cycles of CsCl banding Samples of liver, spleen, lung and thymus were rapidly and dialyzed extensively with 10 mm Tris HCl, pH 7.4, frozen within an embedding gel by immersion in isopen-1 mm MgCl 2 and 10% glycerol. The purified virus was tane and liquid nitrogen. Following cryostat sectioning, stored at −80°C. Virus titers were determined by both the sections were immunostained with FITC-labelled rat optical absorbance (one A 260 unit = 10 12 particles per ml 36 ) monoclonal antibodies to mouse macrophages (F4/80; and plaque assay. 37 before histologic studies.
Statistical analyses Biochemical assays
hAAT assays were performed as described. 24 ExaminDifferences between treatment groups were assessed using Student's t test. P values less than 0.05 were conation of serum anti-hAAT antibodies was performed by ELISA, as previously described, 24 using a monoclonal sidered significant. 
